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ABSTRACT

Su rface temperature is an important parameter of the physical processes that
govern the fluxes of energy and water at the biospher e-atmosphere interface. The enerpy
and Water fluxes have major influences on the Kar Lb’s weather and climate. Models
ranging from local to global scales are requived Lo understand and predict efTeets of the
cnergy and water fluxes. Satel lite-derived land surface temperature measurements can
be used to develop and calibrate these models, and Lo monitor long-term environmental
changes. Infrared and microwave techniques have been applied successfully to the
measurement 0f surface temperature over the ocearis.  The measurement of surface
temperature over land using similar techniques has received less attention. This is due
partly to the complexity of the electromagrietic interacti ons with the land surface and to the
variability in land surface tyypres. Microwave measurcine nts arve feasible under nearly all
weather conditions (except for precipitation). This iS an advantage inthe tropics and
desert regions where clouds, dust, and acrosols frequently obscure the surface a infrarved
wavelengths, This advantage is offset, for some applications, by the relatively low spatial
resolution of microwave radiometers. The purpose of this paper is to review the status of
microwave sensing Of land surface temperature for bare and vegetation-covered S0ils, and
t 0 indicate current limitations in applications t0 global climmate and environmental

monitoring,
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10  INTRODUCTION

The land surface temperature plays an important rol e in the Earth's surface
energy balance and hydrologic cyele. Energy is provided to the Earth in the form of
incident solar radiation, a portion of which is reflected and absorbed by the atinosphere,
while the remainder reaches the surface. At the surface there is a balance between the net
radiation flux (solar andlonigwave) entering the surface, the sensible and latent heat
fluxes from the surface to the atmosphere, and the heat flux into the surface. These luxes
arcinfluenced by surface characleristics such as soil type, soil moisture, aud vegetation
cover, and by atmospheric variables such as air temperature, humidity, windspeed,

cloud iness, and precipitation.

Understanding the dynamics of the surface and atmospheric variables, their
feedback effects, and human-induced changes, is critical for modeling and predicting
cli mate and environmental change. Iarly simulations with climate models showed that
reductions in SOi | moisture and vegetation cover could alter the regional balances of
encrgy and water fluxes, leading to global patterns of decreased precipitation and
increased surface temperature over land (Walker and Rowntree [1]; Shukla and Mintz
[2]). Reeent simulations using: more sophisticated models have shown similar results, e.p.
Dickinsonand llcllrlorso?l-Sellers [31. Chahine et al. [41 have usecd data from the High-
resolution Infra-Red Sounder (1RS) on the NOAA polar-orbiting satellites to produce
monthly mean Globs] maps of surface skin temperature (defined as the top infrared
radiating layer of the surface) illustrating the diurnal and scasonal global temperature
changes. Such data may be used routi nely to valida te climate models. Studies by Carlson
et al. {b) and Price (6] using data from the Heat Capacity Mapping Mission (J1ICMM), and
by Klaassen and van den Berg (7], ' taconetl et al. [8], and oth ers, using data from the
Advanced Very High Resolution Radiometer (AVHRR) on the NOAA satellites, have
shown that infrared -d erived surface! temperatures may be used with one-dimensional
boundary layer models to derive surface fluxes of sensible and latent heat. Similarly,
Wetzel and Woodward [9]1 have used data from the Visible- Infrared Spi n-Scan Radiometer
(VISSR) o011 the NOAA geostationary satellites Lo infer surface sotl mnoisture, These studies
have d e monstrated th e usefulness of satelli te-derived surface temmperature measurements

for global monitoring and flux studics.

Satellites provide the only viable ncans for measuring land surface temnperatures

globally. Conventional (in situ) measurements of llcar-surface air temperature, sucl | as




collected by the worldwide network Of surface meteorological stations, are inadequate for
these purposes since the spatial sampling and coverage are inadequate in many regions of
the world. Furthermore, the near-surfncc airtemperatures typically differ significantly
(i.e. by more than a few degrees) from the g round and canopy surface temperatures that,
parameterize the surface energy b alance models. Satellite measurements are better suited
to providing data for thesc models since they measure the temperature of the ground
surface, and provide area-avcrn~d rather than point values. The main Hmitations in
using satellite data are the need to correct for variable surface emissivity and atmospheric
atte nuation, and the difficulty inquantifying the temperature measurement accuracy due

Lo the lack of comparable in Situ data.

For the above reasons, increasing attention is being paid to the problem of
retrieving accurate satellite measurements of land surface temn perature (1.S7). Aspeels of
the infrared and microwave techniques have been studied by several investigators, e.g.
Price[10], Wan and Dozier [ 11], Becker and14[12], and McFarland et a. [13]. Most studics
have addressed infrared techniques, primarily dueto the higher spatial resolutions
available from infrared sensors (- 1 ki versus -- 1010 100 km for microwave sensors),
and also to the historical availability of data from satellite in frared sensors such as the
HCMM, AVHRR, 1111{S, and VISSR. Microwave measurements, however, are feasible
under nearly al weather conditions (exe.c])t for precipitation). This is an advantage in the
tropics and deserts where clouds, dust, and acrosols frequently obscure the Surface! at
infrared wavelenglhs. This advantage is offset, for some applications, by the relatively
low spatial resolution of microwave radiometers. 1 .ong-term micy owave data sets arve
avail able from the Scanning Multichannel Microwave Radiometer (SMMR) on the
Nimbus-7 satellite and the Special Sensor Microwave Imager (SSM/1) on th ¢ DMSP
satellites. The avail ablility of these data sets, and the potential of continued data from the
SSM/] series and future scensors such as the Mul tifrequen cy Imaging Microwave
Radiometer (MIMR) on the Earth Observing System (QOS), has renewed interest in the
potential of microwave measurements of 1.8T for climate monitoring and model

development and validation<

In this paper thestatus of satellite microwave measurements and retrieval
technigues for 1 .87 arcreviewed. Inthe fivst par t of the paper the surface energy balance is
discussed briefly as ameans for understanding the role of surface temperature in the
fluxes of enecrpy and water at the laud surface, This is followed by adiscussion of the

theoretical basis for microwave measurement of 1 .87, Insubscquent Sect.iol]s some results



of satellite microwave observations are discussed, and simple mmodel simulations and
regression techniques are used to examine the potential for multichannel microwave

surface Lemperature estimation.

2.0 BACKGROUND

Surface fluxes (in particular evapotr anspirati on) have major influences on
weather and climate. Thus, it is essential Lo understand the physical processes that govern
these fluxes, and, in particular, to represent the process es of evaporation and transpiration
realistically intheclimate models. Evaporative cooling is a major determinant of the
land surface! temperature, and depends not only on the precipitation input to the surface,
and how this is appor tioned into ¢ vaporati on, soil storage, and runofl, but also on how the!
net radiative energy is divided between latent and sensible heat fluxes.  The surface

energy balance determines the relationships between these fluxes.

The surface encrgy balance equation may he expressed in the form

R, - H4 LK1+ G (1)

where R, is the net radiation into the surface, 71 is the sensible heat flux froin the surface to
the! atmosphere, 1.J¢ is the latent heat flux into the atmosphere, and G is the flux of heat into
the soil. The latent heat flux, LE, is the product of the latent heat of evaporation, 1., and the
cvaporation rate, k. For conceplually simple surfaces, straightforward expressions can be

derived for the energy balance components. Th ese arc!

R, = Koy (1-A)4 Ry - ol )
M pC, (-1, (3)
B oplgddd)-q 0l (a4 ry) )
G 297 )

0z




In Equation (2), Rgy is the incident solar energy at the surface, A is the surface albedo, Ry
is the incident thermal infrared energy (minus any reflected), € is the surface emissivity,
o is the Stefan-Boltzman constant, and 75 is the surface temperature. For the sensible heat
flux, 7' and 7°, are the surface temperature and the near-surface air temperature,
respectively, €, and p are the specific heat and density of air, respectively, and r, is a
resistance' coeflicieni. For the evaporation, g, is the water vapor mixing ratio of the near-
surface air and ¢, is the saturation water vapor mixing ratio of the surface. The canopy
resistance, r, is zevo for bare soil. Note that g 1s a function of the surface temperature, 7%.
For the soil heat flux, 4 is the thermal conductlivity and 7" is the soil temperature as a
function of depth 2. In climate models the soil heat flux is of minor significance and is
usually ignored. The above expressions are discussed in more detail elsewhere (e.g.

Dickinson et al. [14]).

Fquations (1) through () illustrate the role of LT in affecting both the energy and
the moisture fluxes al the surface. For natural surfaces, which may include mixtures of
hare soil, vegetation canopy of different Lypes, and undergrowth, Xquations (2)-(b) can be
modified to take into account the radiative transfer and fluxes within the canopy (e.g.
Sellers et al. [15]; Taconct et al. [8)). A unique definition of surface temperature is difficult
in this case since different temperatures are involved in the equations. These include the
soil surface temperature, the soil near-surface temperature, the temperature of the air
within the canopy, the temperature of the leafl surfaces of the canopy, and the internal leaf
tissue temperature, In remote sensing, the surface temperature is normally defined as a
weighted mean temperature over the radiating (skin' or 'penctration’) depth in the
medium.  The penetration depth depends on the electromagnetic attenuation in the
medinm, and, for microwaves, is a function primarily of the moisture content of the
medium and the radiation wavelength, In microwave sensing, this depth may vary from
a millimcter or less in moist soils at short wavelengths, to over a meter in sparse
vegetation or dry soil at long wavelenglhs.  Furthermore, spaceborne sensor antenna
foolprints, of spatial dimensions 10 to 100 km, may encompass a variely of canopy Lypes
and soils. Thus, the satellite brightness temperatures often represent a rather complicated
weighted mean temperature over the surface radiating volume within the footprint. These
considerations show that care must be taken in relating the surface temperature measured
by a satellite radiometer to the appropriate surface temperature parameters of surface flux

and chimate models,
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30 THEORETICAI, BASIS
3.1 Surface 'Effective’ Temperature

The microwave radiation received by a spacehorne radiometer viewing la nd may

be expressed approximately as
Typ = Tyt exp (1)1, 4 1, T4 (6)

where T4, is the surface brightness temperature, 7', and 7'y are the upwelling and
downwelling atmospheric radiation components, 1, is the almospheric opacity, 7, is the
surface reflectivity, and Tlf,, is the brightness temperature received at the radiometer. The
subscript p refers Lo polarization which may be p = A (horizontal) or p-v (vertical). The
dependence on incidence angle 9 IS understood. If we assuine that the subsurface dielectric
propertics are horizontally homogencous and vary slowly with depth the surface brightness

temperature can be written in approximate radiative transfer for m
s 4 Al
Lop = e 1o (7

where e, = (1 - r,) is thesurface emissivity, and 7' is the 'effeetive’ (or 'skin') temperatore

of the surface given by

0 0
Te J 7'(2) of2) exp -J az') dz'|dz (8)

2

The integration is performed for radiati on emanating from all depths up to the surface.
The attenualion coefficient in the medium, a(2), depends on the diclectrie constant, and,
for nadir viewing, catibe expressed simply as @(z) = 4an “(2)/1, where n “(2) is the
imaginary part of the refractive index of the medium, and 2 is the wavelenigth, (For a
medium whose dielectrie constant profile varies rapidly over the distance of a wavelength
in the medium, the more accurate cobierent mrodel formulati on must be used in place of the

radiative t{ransfer equation (Njokuand Kong (16 1)).

The effective temperature IS a weighted inean of the vertical temper ature profile in
the medium, and may differ substantially from the actual surface temperature. Fxamples

of weighting functions for a bare soil are shown in Figure 1 (Njoku and Kong [16]), where




the weighting function is defined as the factor multiplying 7'(2) in the integrand of
Lguation (8). The weighting functions shiown, ¥y, have been normalized to a maximum
valuc of unity , for ease of comparison, since their absolute magnitudes include the effects
of surface emissivity, Weighling funclions at shorter wavelengths (higher frequencies)
sample the temperature close Lo the surface, whereas at longer wavelengths the weighting
functions show that the radiation originates from deeper in the medium, and the effective
temperature is therefore characteristic of the weighted mean temperature over a greater
depth. Note that for dry surface conditions with a positive moisture gradient the weighting
functions may not peak atthe surface. For a medium of uniforin dielectric constant (e.g.
uniform soil moisture profile) the weighting functions are exponentials, and are
characterized by the penetration depth, d : A4znn", at which the weighting functions
decrease Lo 1/e of their value at the surface. Figure 2 sSnows a plot of the penctration depth
versus wavelength in sandy soil, for various moisture contents. At 1.5 Gllz the penetration
depth varies from approximately 10 cin to 1 1 for soil conditions ranging from saturated to
dry, while at 30 GHz the penctration depth varvies from less thian 1 mm to a little over 1¢m

for similar conditions.

Choudhury et a. [ 17] have computed the differences between the surface temperatore
and the effective temperature for arange of naturally occuring soil moisture and
temperature profiles. Figure 3 shows scatterplots of effective temperature versus surface
temperature for these profiles. At 10.7 Gllz, (4 = 2.8 cin), the effective temperature agrees
with the surface temperature to withina few' degrees centigrade over the diurnal
temperature cycle. However, at 1.4 Gllz, (2 - 21em), the effective temmperature differs by as
much as 15 t0 20 °C near mid-day from the surface tem perature for these semi-arid zone
profiles. Choudhury et al. | 171 suggest thatl the effective temperature can be related
empivi cally to the surface; temperature, 7', and the temperature at large (infinite) depth,

7., by the expression
To: T4 @,-THC ¢3))]
where C is a least-squares-fitted parameter that depends on wavelength and to a lesser

degree on soil type. For a given location and soil {ype, if 7' and C can be computed or

cstimated, then 7% may be determined from satellite-derived estimates of 7.

When the surface is covered by vegetation, similar considerations apply, ex cept

that the weighting funclions and penetration depth depenid on the attenuvation coefficient of




the vegetation volume, which in turn depends on the vegetation biomass (density and water
content). In the following discussions, we shall refer to 7. as the surface temperature, for

simplicity, with the understanding that the effective temperature is implicd.
3.2 Atmosphere and Emissivity Effects

The atmospheric emission contributions to the received radiation may be expressed

2l 1 :

approximaltely as 7, = Ty = 7,[1- exp (-1,)], where 7', is a weighted mean temperature
over the absorbing region in the atmosphere (lower troposphere) that varies wit

wavelength, Values for 77, are typically between 10 and 20 °C lower than the surface air
temperature at atmospheric window frequencics. Using these approximations, Equations

(6) and (7) lead to the expression
T = Tal1-exp G 4 1y, exp(-1)] 4 ¢, 74 exp (-1,) (10)

At frequencies below approximately 10 Gl 7, the opacity, 1,, is usually less than 0.03 for
non-precipitating conditions, and the first term in Equation (10) is small. The observed
brightness temperature. T'pp, is then approximately equal to the surface brightness
temperature, 7Y, given by Equation (7). At higher frequencies, and especially for the 87
and 85 Gllz channels of the SMMR and SSM/I instruments, the atmospheric contributions
cannol be safely ignored, and KEquation (10) is a more accurate representation, Figure 4
shows the opacity as a function of frequency at 0= 50° incidence angle (typical of the SMMR
and SSM/1 sensors), for an annual tropical, cloud-free atmosphere with 0 to b g/cm?

integrated water vapor.

The effects of surface temperature, cmissivity, and atmospheric opacity on
brightness temperature, computed by Equation (10), arc shown in Figure 5. The expected
increases of brightness temperature with increasing emissivity and surface temperature
are obscrved. ¥From Figure H(b) we note that increasing atmospheric opacity inereases the
brightness temperature at low emissivities, since the atmospheric .emperature (77) is
higher than the surface brightness temperature Ty, = €, 7). Conversely, the brightness
temperature deereases with opacity at high cmissivitics (e, = The crossover point

depends on the difference between the surface and atmospheric temperatures (7, 1°).

3.3 Surface Temperature Erior Sensitivities




Equation (10) may be rcarranged to express the surface temperature in terms of  the

cmissivity, atmospheric variables, and the observed brightness temperature
Toos Ty - Tull-exp C1)][14 (0 -e) exp (-1,,)]}/{0, exp (-1,)) (11)

If the atinospheric variables, 7, and 1, and the surface emissivity, e, are known or can be
estimated, then the surface temperature, 7, may be obtained from single-channel
measurements of the observed brightness, 7', Inpractice, the variability in 17, may be
small (al low’ frequencies) or may be estimated from coincident radiosonde
measurements. In some cases the variability in e, may also be estimated from knowledge
of the surface type and moisture content. Toinvestigate the accuracies with whiche,, 1,,
7', and T'p, must be known to obtain a reliable estimate of 7, onc may study the partial
derivatives of Iquation (1 1), i.e. thesensitivities of 7', to the observed or estimated

quantities

f”" = - exp (10)[7.'1,,, -1: (T - exp (-w] /c;f (12
ae,,
-aze exp (1) (T - Tallt (@ - e)exp (-2°0)]) / e, (13)
-(;)71"’ .- cxp(?a)[] - e, exp(-1,) - (1 - ep) exp (-27.)] /c,, (14)
e T exp (1,,)/(’,, (15)
oy,

The functional forms of these derivatives are plotted in Figure 6 f0J representiali ve
ranges of values. Figures 6(a) and G(b) show that to obtainan accuracy of 3°Cin7, the
emissivily must be known to an accuracy of between 0.006 and 0.01'2, depending on the

values of 7% and e,,. This corresponds to an accuracy of approximately 1%, since onc may

. o 7 Aey,
assume approximate values of 7, : 300 K and ¢, © 0.8, and, for small 1,,"~ ¢ ¢ (-,1 .
T p
Such accuracy in a-priori knowledge of ernissivity appears unrealistic given the natural
variability of 10 to 25% or greater foundfor e, inmany regions.  On the other hand, surface
classification schemes (c.g. Townshend et @), {181 and Neale et al. [19]) can beused to

identify the gross surface type. Within each surface type the emissivity 1S influenced

10




primarily by moisture, The use of multiple channels may permit the moisture, and
thereby the emissivity, to be estimated sufficiently accurately to retrieve the surface
temperature. This procedure may be carried out using multiple regression or iterative

retrieval methods as discussed in the next section.

At frequencies Icss than 10 Gllz where the variability inatmospheric opacily is
small (A1, < 0.01), Figures 6(c) and (d) show that the effect of uncertainties in opacity on 77,
will also be small. At higher frequencices this may not be the case. I or example, with
reference to Figure 4, a radiosonde-derived water vapor measurement uncertainty of 0.1
g/cm? leads to uncertainties of approximately 0.003 and 0.02 in opacity at 37 and 85 Gllz,
respeceti vely, with corresponding errors in 7, 0f 0.3 and 2 °C for an emissivity of 0.8, The
presence of clouds will further increase the exrors. These errors decrease as the emissivity
increascs. FFor low opacities, IMigure 6(c) shows that the effect on 7%, of uncertaintiesin?', is
small.  Finally, Figure 6(f) shows that radiometer noise will be amplified in the
estimation of 7', typically by a factor of betweenland 2, with higher values occurring in

regions Of low emissivity and high opacity.

4,0 MULTICHANNEL R ETRIEVALS

The magnitudes Of the corrections necessary to account for effeets of variable
surface emissivity and atiospheric opacity when estimating surface temperature were!
discussed in the previous scction. These correct.iol]ls may be attemnpted using independent
water vapor (radio sonde) and cloud measurements, and a-priori emissivity estimates, or
alternatively they may be made by using multichannel data such as available from the
SM MR and SSM/I, or acombination of both approaches may be used. *J here has been

limiled research instudying these approaches however.

4.1 Satellite Retricvals

IFew studies of surface temperature using satellite microwave data have been
reporte din the literature. One study is that of Mclarland et al. [13] who investigated the
rms errors resulling from multiple linecar regressions 0 f SSM/I data against air
temperatures measured at surface mcteorological stations across the U. S. Great Plains.
The ar temperatures were obtained from the NOAA opcerational chimatological database

and represent mcasurements at sereen height (1.2 111) . By using SSM/I data from
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ascending (morning) overpasses occuring between 0600 and 0700 local solar time, and

comparing these with the minimum air temperatures reported for the same morning from
the meteorological stations, an attempt was made to minimize the differences between the
ground surface temperature and the screen height air temperature. For the range of
temperatures encountered (1.1 to 26.7 °C), the authors report possible rims errors as high as
2.85 °C in using point-located minimum air temperatures in this manner as comparisons
for the footprint-average SSM/1 data al the exact time of overpass. The regressions belween

surface air temperatures, 7', and SSM/]1 brightness temperatures, T, can be expressed as

N
Tos = ag Y, a; Ty (16)
in

where @i arc regression coefficients, and N is the number of channels used in the
rgressions. Yigure7 shows theresults of these regressions for the surface type ela ssified as
‘moist soil, displayed as the predicted tem perature from Equation (16) versus the actual
values of screen air temperatore. The channels selected in the regression, 85V, 37V, 22V,
and 1911, have the coefficients tabulated inthe figure. Also shown is the rmserror of the
regression, and Similar statistics for the other land surface types within the study region.
For moist s0il, the magnitude Of the coefficients indicates that the surface temperature is
m ost highly correlated With the 85V channel, while the remaining chai inels provide
information to correct, for cmissivity and atmospheric variability. This is reasonable
since the 85 GI1z radiation originates close to the surface, and for vertical polarization the
53° incidence angle of SSM/1 is close to the Brewster angle, thereby reducing the variability
duc to surface emissivity for this channel. For dry soils, however, 22V app cars to be the
most significant channel, indicating perhaps that what is being sensed is the lower

at mos phiere rather thanthe surface.

¥rom these results a number of observations canbemade. First, the rms errors of
the regression fits appear promising since they are inthe range 2 -2.6 °C over a dynamic
range Of 4 - 23 CC, and the corrclation cocfficients insome cases are above 0.8. However,
the rms errors mask a variety of error sources as mentioned earlier.  The regression
coefficients have been tuned to the conditions of the specific study region and h ence the
cquations cannot be applied reliably to other regions. The variabili y of the coefficients
from one surface type to anoth er also indicates that surface classification) errorsnay lead

to corresponding surface Lemperature errors.




4.2 Model Simulations

The problem may be analyzed from another perspective by performing simulations
using asimple radiative transfer model. In this model, vegetation is represented as an
absorbing layer above the soil, characterized by anopacity 7., with soil reflectivity rg,. 1f
the soil surface and vegelation are assumed to be at the same temperature, Kerr and Njoku
[20] have shown that Kquation (10) describes the brightness temperature viewing this two-

layer mmedium if r,, isreplaced by r,, exp (-21, ) i.e. Fquation (1 O) is replacedby

sp

VT 7ol 1-exp (7)1 4 s, exp (-1, - 21(,)] + 7, exp (»Ta)[ 1- Ig, €xp (~2TC)] (17)

The canopy opacily can be expressed as

‘€. :—A»F‘;“'” W/ cos 0 (18)

where W is the vegetation water content, £,,," 1S the imaginary part of the dielectric contant
of the vegetation water, A is the wavelength, 0 is theincidence angle, and A isa coefficient.
that depends on vegetation type. The soil reflectivity depends on surface roughness and on
soil dielectric constanit which canbe related tothe soil moisture, m,, using data given by
Hallikaincen et al. [21] and Njoku and Kong [ 16]. The atmospheric opacity can be related
directly to the atmospheric integrated water vapor, p, (Waters [22)). These relationships

arc discussed more fully in Kerr and Njoku [20].

¥quation (1 7) alows the satellite-observed brightness temperature to be computed as
afunction of alimited number of atmospheric and surface parameters,i.c. 7y, = f (p,, 7%,
m,, W). A simulated data sel can then be generated by computing 7', using Kquation (17)
for various combinations of parameter values chosento cover a suitable dynamic range.
This was done for values covering the ranges: p, = 0.bto 5.0 g/em?, 7, = 4 t0 40 °C; m, = 0.03
Lo 0.3 g/em?; and W= O to 0.2 kg/m?, T'en values were sclecled to cover the ranges in equal
increments for each paramecter, and brightness temperatures were computed for all
possible combinations of each parameter value, for a total of 101combinations. For each
combination, ten brightness lemperatures were comn puted at frequencies of 6.6, 10.7, 18,21,
and 37 GHz, ver tical and horizontal polarizations, and 5H0° incidence angle, to simulate
measurements Of the Nimbus-7SMMR satellite instrument. The SMMR frequencies are
also of interest since they correspond closely tothe frequencies that Will be used for the




future KOS Multifrequency hmaging Microwave Radiometer (M IMR) instrument (KSA
[X]); frequencies higher than 37 GHz were not computed since the assumption in Equations
(17) and (18) of vegetation as an ahsorbing (non-scattering) layer is not valid at the higher
frequencies. (Strictly speaking the validity is in question at frequencies greater than
about 10 Gz, but the error is not expectedtobe Loo great up to 37 Gl1z),

The simulated data sel was used Lo develop a regression algorithim for surface
temperature of aform similar to Kquation (1 (i), i.e.
AY

T, = ap+ ), a; ]"i(i'n) 19
is1

where 7'y is a vector of the ten brightness temperatures. The ¥; are functions of the ten
brightness temperatures, and allow for regressions on functions Of the brightness
temperatures as well as on the brightness temperatures themselves. This helps mitigate
some Of the nonlinearities in the model Equation (1 7). ¥xamples Of such functions are Iy =
111 (315 7'y;) and ¥ - Ty Ty (Tyj+Tyy), cyroscil to account for exponential
nonlinearitics, in the first case, and to investigate the use of funclions that are independent
of surface temperature,in the second. Regressiontechnigques for microwave radiometry
have been discussed elsewhere (Ilofer and Njoku [24]). Caution must be used in
interpreting rms errors Of regressions on nonlinear functions since the errors will in

generalnot be normally distributed.

Application of the regression formula of Equation (19) to the simulated data set gave
the results shownin Figure 8. A slepwise regression procedure was used in which the
single brightness temperature channel, P'si (or function of channels, I;) was first selected
that was most highly correlated to the surface temperature.  Additional channels (or
functions) were thensclected for the regressionin successive steps, such that the residual
error was minimiz ed at each step for tha L selection. The stepwise procedure was
terminated when the addition of further channels to the regression did not reduce the

residual error significantly from the previous step. This led to the following cquation

- < . T -7 pon o
'](,* = Qo ay In (3156 - 71;37‘/) 4 .a, (; ‘IH()V , ‘“10” 1 Qg ]n:wv 4 Qy In(815-7 1811) (20)
Tmov+ Tmion

Al

The rms residual error between the predicted temperature, 7, *, from Equation (20) and the

actual temperature, 7%, was 2.07 °C. This simulation did not take into account the cfl-bets of
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radiometer noise in the brightness temperatures which would increase the rms residual
error slightly. If only brightness temperatures, and not nonlinear functions, were used in
the regressions, then the residual rms error increases to 2.9 °C. This value seems to be
significan tly larger than obscrved in Figore 7. However, the dynamic range of surface
temperature used for the simulations was muchlarger, and no attempt was made to

classify the simulations into groupings of dry, wet, and low vegetated soils.

The intent Of the regression simulations is to show that the results obtained using
satellite data are consistent With model simulation results.  limitations of the non-
scallering vegetation model preclude analysis of the suitability of the 85 Gz channel for
surface temperature measurement, but the Sclec.tie]] of the higher frequency channels in
the simulation regressions results directly from the fact that the higher frequencies are
less sensitive to surface emissivity variability (inthe simulations the 37V channel showed
the highest correlation to surface temperature). Due Lo the nonlinarity of the problem, it is
likely that, iterative or neural network methods would be more appropriate fordeveloping a
useful surface temperature retrieval algorithm.

b. CONCLUSIONS

Surface temperature has a major effect onland surface microwave emission and
can be estimated from satellite measurements of brightness temperature if' the natural
variability in surface emissivity and atmospheric opacity canbe accounted for.
Mullichannel measurements are one method of estimating and correcting for the
emissivity and atmospheric e ffects. lLimited satellite data analyses and theoretical
simulations have showni that surface temperature estimmation accuracies of 2 to 2.5 °C
should be feasible using anonlincar retrieval algorithin. The accuracy may be improved
if a priori information on the surface emissivily is available. Additional research and
data analysis arc required to investigate these approaches. It is difficult to assess the
accuracy Of satelli te-derived temperatlure estimates since comparablein situ data are
gencrally unavailable over spatial scales typical of the satellite foot prints. If satellite
temperature measurements arc used in encrgy balance models carel shiould be takenin
defining the effective temperature consistently in the models and radiative transfer
formulations, Since several ycars of global sate llite data are now avail able from the

SM MR and SSM/I instruments, a concerted effort should be made to develop surface
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temperature products from these data to compare with GCM model outpul and to examine
regions| seasonal andinterannualtemperature variability .
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FIGURE

Figure 1.

Figure ‘2.

Figure 3.

Figure 4.

IFigure 5.

Figure 6.

Figure 7.

JAPTIONS

(@) Soil moisture profiles correspondinig Lo (1) wet, and (2) dry conditions.
(b) Normalized temperature weighting functions, I'n, for moisture profile
(1). (c) Normalized temperature weighting functions, ¥y, for moisture
profile (2). (Njokuand Kong [ 16]).

Penectration depth as a function of wavelength for sandy soil with uniform

moisture content between 1 and 30% by volume.

Representative soil profiles of (a) moisture, and (b) temperature, for
Phocnix, Arizona soil. Curves are labeled by number of days after
irrigation, () Scatter plots of effective temperature versus surface
temperature computed for profiles shown in (a) and (b) at various

wavelengths. (Choudhury et al.[1 71).

Atmospheric opacity asafunction of frequency inthe range 1-100 Glz, for a
cloud-free annual tropical atmosphere viewed at an incidence angle of 50°.
Curvesare for integrated water contents, p,, of O, 1, 2, and 5 g/cm?2,

Brightness temperature dependence on: (a) surface temperatore, 7%, (b)

surface emissivity, e,; and (¢) atmospheric opacity, 1,; computed from
Kquation (1O) with 7}, =280 K,

(@ and (b): Sensitivity of estimated surface temperature, 7', (0 surface
emissivity, €p, as a function of surface temperature and emisivity,
respectively. (€) and (d): Sensitivity of estimated surface temperature, 77,
to atmospheric opacity, 1,, as a function of surface temperature and
emissivity, respectively. (e) and (f): Sensitivity of estimated surface!
temperature, 7%, to almospheric temperature, 7%, and brightness

temperature, 1'),, respectively, as functions of emissivity.
Regression fit of ‘predicted temperature' (linear combination of brightness
temperature channels) to screen air temperature, for moist soils, covering

central U.S. study region described by MeFarlandet a. [ 131, Statistics for
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Figare 8.

other surface types are also shown. Brightness temperature dataare from

the DMSP SSM/I satellite instrument.

Comparison between actual, 7%, and estimated, 7 ¥, surface temperature
using multiple regression on a simulated brightness temperature data set,.
The dashed line is the perfect agreement line. An rms residual error of
2.07 ‘C was obtained, However, dueto the nonlinearity of the model, the

errors are not nhormally distributed.
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